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Narrative:
Research Objective and Approach

The objective of the proposed research is to develop the scientific basis for a new class of
radiation-resistant materials. Two approaches will be evaluated to develop damage
resistant materials far superior to current stainless steels: (1) lattice perturbation to
catalyze defect recombination within the early stages of cascade formation and defect
migration and (2) controlled manipulation of the aggregate defect ensemble through the
deliberate introduction of dynamic metastable microstructures. The intrinsic ability of
the host matrix to resist displacement damage survival will be optimized in first concept.
This approach (Task 1) explores baseline atomic displacement and recovery processes as
affected by major and minor alloy constituents selected for the dual purpose of
environmental cracking resistance as well as interactions with point defects. Inert
oversized solutes known to improve corrosion behavior will be used to create
vacancy/interstitial traps and promote defect recombination. Dynamic metastable
microstructures tailored to resist damage accumulation will be investigated and optimized
in the second concept (Task 2). Unique intermetallic second phases with inherent
instabilities under irradiation will be used to create a dynamic microstructure resistant to
radiation hardening, swelling and embrittlement. A key aspect of designing this dynamic
microstructure will be to ensure the complex, radiation-induced changes do not promote
environmental cracking. :

The underlying radiation materials science for these two approaches is being explored
using charged particle irradiations. Radiation damage resistance will be established by
isolating the effect of each approach on defect microstructures, grain boundary
microchemistries and matrix hardening. The dose dependence of these radiation-induced
material changes will be used to identify promising alloys and initial microstructures that
effectively delay or eliminate detrimental microstructural and microchemical evolution.
Environmental cracking response is being established on non-irradiated alloys with
thermomechanical treatments to simulate radiation microstructures and by tests on
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Figure 1: Initial configuration for a fractured material degradation with the 686 Finite
Element mesh.

The Small-Crack Congestion Phenomenon

These developments provide a useful tool to investigate the effect of a crack network
on the chemical degradation of cement-based materials. The case of a 2D-degradation
of a rectangular cement paste of width 2 cm and length 4 cm is shown in Figures 1
to 3. A straight crack of half width 0.02 cm and length 3 cm is situated on the
left side of the material. Figure 1 shows the initial conditions and the finite element
mesh used in the analysis. The material is initially undegraded, and the degrada-
tion process starts from the bottom of the material where the aggressive boundary
condition is prescribed. Figures 2 and 3 represent the solid calcium concentration in
the material at times 5 and 15, and 30 and 50 years. The simulation results show
the development of the degradation process and the propagation of the portlandite
dissolution front as time flows. Figure 2 indicates that the portlandite dissolution
front approximatively reaches the top of the crack after 15 years of leaching. The
calcium solid concentration pattern at this time shows that the fracture (of high dif-
fusivity compared to the solid matrix) is a preferential way of calcium evacuation
from the material. However, and in contrast to the common assumption, the re-
sults also show that the preferential calcium evacuation path does not enhance the
overall kinetics of material degradation. This new finding can be explained as follows:

The weak effect of the crack on the material deterioration can be attributed to
the calcium congestion in the fracture due to the important quantity of calcium
arriving from the material in the crack. Even if the diffusion process in the fracture
was faster than the one in the material, the crack width would limit the number
of calcium-ions that can be evacuated from the material through the crack to the
outside. As a consequence, the calcium concentration in the fracture slowly decreases




Figure 2: Solid calcium concentration at 5 and 15 years.

irrespective of the relative high diffusivity of the solution in the crack. To quantify
this “crack congestion” effect, a dimensional analysis of a simplified model based on
the dissolution of one mineral was performed (see [7]). This dimensional analysis
reveals that the diffusion length in the fracture is of the form (for large values of

time):
walt) = Ouy| =24 ()™ ®

where b is the half fracture opening (crack width), Dy is the solute diffusion coef-
ficient in the fracture, D,, is the effective diffusion coefficient in the matrix, ¢ is the
material porosity and ¢ is the time. The depth 7, defines the length in the fracture
channel where the solute concentration has decreased from its initial value. Equation
(1) indicates that a smaller fracture width 2b, or a decrease of the diffusion coefficient
Dy reduces the diffusion depth y4. This is readily understood from physical evidence.
In turn, a decrease of the porosity, ¢, or a decrease of the material effective diffusion
coefficient D,, leads to a larger diffusion depth y, due to a smaller solute flux from
the matrix into the fracture. However, in this case a smaller degradation depth in
the perpendicular direction of the crack is found. Finally, in contrast to uncracked
material, in which the dissolution front propagates as a function of the! squ are root
of time (see the degraded depth at the border of the material at left in figure 4), the
diffusion depth 74 in the fracture direction develops with the quadratic root of time.
Hence, for large values of time, the material deterioration process due to a preferential
calcium evacuation by diffusion in a thin crack can be neglected in comparison to the
leaching process in the uncracked bulk material.

In summary, the diffusion through small cracks does not significantly affect the degra-
dation process in the material even for large values of time. Our next focus will be
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Figure 3: Solid calcium concentration at 30 and 50 years.

large cracks, in which a solute convection may provide a second transport mode for
the evacuation of the solute concentration from the fracture. In this case, the “con-
gestion phenomenon” observed and analyzed for small fractures may no more hold.

Task 3.1: Material testing

The objective of Task 3.1 is to determine the strength of leached cementious materials
under triaxial stress states. This requires (a) an accelerated test method able to
reproduce in vitro the intrinsic material response that characterizes the long-term
behavior of cementitious materials; and (b) a homogeneous decalcification state to
assess the “real” material response in the mechanical tests.

Design

Calcium leaching is a coupled diffusion - dissolution process that involves sharp dis-
solution fronts that propagate through the structure. Small sample sizes and high
calcium efflux are necessary for a rapid leaching process. In the present study, the
test program was carried out on pure cement pastes, the basic constituent of con-
crete, allowing for small and relatively homogeneous material samples. In addition,
the calcium efflux can be artificially amplified by increasing the chemical equilibrium
concentration, i.e. the calcium solubility, at the dissolution front. Leading to a higher
calcium concentration gradient in the pore solution, and thus to higher efflux, this
objective can be achieved by replacing the deionized water by an ammonium nitrate
solution ( See also last technical progress report). This type of leaching, which is
equivalent to calcium leaching by pure water [2], leads to considerable acceleration
of the front propagation velocity associated with the calcium dissolution process. As
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Figure 4: Solid calcium concentration at times 15 years with diffusion in the material
along z-direction (left) and without (right).

a quasi-self similar diffusion-dissolution problem, the overall acceleration rate can be
obtained from the ratio of the similarity parameter of front propagation:

- (&) g

where £ = z4/\/To and &y = z4/+/t1 are close to a multiplied constant the self-
similar parameters that define the position z4 of the dissolution front in the normal
and accelerated leaching setting, respectively (see, e.g., [7]).

Calcium Leaching

The chosen Type I Portland cement paste samples with a water-cement ratio of
w/c = 0.5 are cylinders of diameter 11.5 mm and length 60 mm. After 24 hours,
the specimens were demoulded and cured in a saturated lime solution for 27 days at
20°C. One half of the samples were immersed in the 6M ammonium nitrate solution
for accelerated leaching; the other half were stored for control purposes in limewater.
To obtain good mixing of the ammonium nitrate solution and most homogeneous
leaching conditions possible, the ammonium nitrate bath tanks were mounted on a
slowly rotating table (see figure 5). In that way, the bath was constantly agitated and
the sample surfaces were in free contact with the aggressive solution. Each tank of
15 x 15 cm quadratic shape was filled with 2.2 kg of aggressive solution and contained
26 specimens. In addition, carbonation by CO, was prevented by replacing the air
in the tanks by pure nitrogen gas. In parallel, the pH of the solution was monitored.
A necessary renewal of the solution due to a lack of Ammonium (NHF) which slows
down the leaching would have been indicated by a pH greater than 9.25. At the
chosen combination of ammonium nitrate concentration, bath volume and number of
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Figure 5: Oscillating Table for controlled calcium leaching

specimens, it turned out that the aggressive solution had not to be renewed during
the leaching experiment. Along the leaching process, samples were taken out of the
aggressive bath to determine visually the progress of the dissolution front. A square
root of time function for the dissolution front progress was obtained being of the
order of £, = 2 mm/+/day. If we take for reference the “natural” progress of the
propagation front of & = 0.115 mm/+\/day (see e.g. [3]), we obtain with a 6M
ammonium nitrate solution (480 g/kg of solution), an overall acceleration of a = 300
according Eq. (2). For the 11.5 mm in diameter cylinder samples, the dissolution front
reached the center of the specimens in less than 9 days. However, additional XRF
analysis showed that the average bulk calcium content was still decreasing significantly
thereafter. The quasi steady state, i.e. homogeneous calcium content, required 45
days of accelerated leaching.

Triaxial Test Setup

The triaxial cell used in the experiments has a high-pressure steel chamber. The
confinement pressure was applied by oil through a latex membrane. The hydrostatic
confinement pressure was applied first before the deviator is added until failure. The
load rate is constant and the vertical stress measured by an internal load cell.
Triaxial testing started after 45 days of leaching. To avoid the development of
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| [ f. [MPa] | var %] | 6. |
Unleached 54.1 5.6 0.82
Leached 5.1 8.3 0.23

Table 1: Compressive strength f., coefficient of variation var, and friction coefficient
de.

expansive calcium nitro-aluminate products [3,8], the degraded samples were kept in
the bath until being tested. To have smooth surfaces and parallel ends, the specimens
were cut with a diamond saw to a size of 11.5 x 23.5 mm. Confinement pressures up
to 10 MPa were applied. An important issue arises when it comes to triaxial testing
of calcium depleted cement pastes, related to chemical damage, i.e. the irreversible
loss of elastic stiffness, due to calcium dissolution. This chemical damage leads to
a bulk modulus of the degraded material sample, which is of the same order as the
compressibility modulus of the interstitial solution, say 2 GPa. Hence, in contrast
to undegraded cementious materials, the pore pressure in the interstitial space plays
an important role on both deformability, and intrinsic strength of the material. To
account for this effect, the triaxial tests were carried out under both drained and
undrained conditions. The drained conditions were assured by a dry filter stone at
the base of the sample.

Results

Figures 6 and 7 show the results of this test campaign in the %} X O, stress invariant

halfplane. In the triaxial test, the second deviator invariant is /Jo = v/3 x low — o+,

and the mean stress o,, = 3(0, + 20,). In figure 7, both invariants are normalized
by the uniaxial compression strength. The uniaxial compression strengths for the

leached and the unleached paste are summarized in Table 1.

Unleached Cement Paste

Figure 6 shows the well known frictional behavior of cementitious materials under
triaxial stress states: Increasing the confinement pressure leads to a significant higher
second deviator invariant that the material can support. The friction coefficient that
characterizes this property is on the order of 6. = 0.82.

Leached Cement Paste

The leached samples show a more diverse behavior. We note the important overall
strength loss, related to a chemical decohesion. Both, the drained an undrained
experiments show a significant strength loss: In uniaxial compression, the chemical
decohesion leads to a strength loss of about ninety percent (see Table 1). In addition,
a significant difference in the frictional behavior of drained and undrained samples is
observed:
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Figure 6: Undegraded paste in deviator-mean stress plane
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Figure 7: Degraded paste in deviator-mean stress plane (Drained and undrained)
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e In the drained case (see figure 7), the linearized friction coefficient is consider-
ably smaller than the one of the undegraded material (in average J. = 0.23).
This chemically induced loss of frictional behavior can be attributed to the com-
plete dissolution of Portlandite during leaching. The remaining C-S-H particles
have a characteristic size 10 to 100 times smaller than the one of Portlandite
[4,5]. Consequently, the friction that is mobilized at the grain interfaces dur-
ing deviator loading (by e.g. interlocking, intergranular stress transfer, etc.) is
strongly reduced, leading to a smaller overall pressure dependency of the triaxial
material strength response.

e Under undrained conditions, no apparent frictional strength enhancement is
observed (figure 7). This can be ascribed to pore pressure effects. The volu-
metric strain induced by the externally applied confinement pressure, results in
pore pressures, which cannot escape in the undrained case. This internal pres-
sure build-up reduces the ”effective” confinement stress of the skeleton, which
therefore cannot mobilize friction in the material during deviator loading. The
constant second deviator invariant for different confinement levels suggests that
the pore pressures are of the order of magnitude of the applied confinement
pressure, that is up to 10 MPa. This observation underlines the importance
of the interstitial pressure in calcium depleted cementitious materials, which
originates from the chemical damage undergone by the material during calcium
leaching.

Milestone plan

The initial milestone plan remains valid; no changes were necessary.

Task listing

No task has been finished yet. Planned completion dates remain unchanged

Cost performance

Due to accumulation of different expenses, in February 2000 the actual costs exceeded
the planned costs by far(see fig.8). We remain nevertheless optimistic that the planned
annual budget will be respected.
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Cost Performance
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Figure 8: Financial performance
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